Remyelination in the adult central nervous system has been demonstrated in different experimental models of demyelinating diseases. However, there is no clear evidence that remyelination occurs in multiple sclerosis, the most diffuse demyelinating disease. In this article, we explore the possibility of promoting myelination in experimental allergic encephalomyelitis, a widely used experimental model of multiple sclerosis, by recruiting progenitors and channeling them into oligodendroglial lineage through administration of thyroid hormone (T4). A large number of proliferating cells (BrdUrd uptake and Ki67-IR) and the expression of markers for undifferentiated precursors (nestin) increased in the subventricular zone and spinal cord of experimental allergic encephalomyelitis animals. T4 administration reduces proliferation and nestin-immunoreactivity and up-regulates expression of markers for oligodendrocyte progenitors [polysialylated-neural cell adhesion molecule (PSA-NCAM), O4, A2B5] and mature oligodendrocytes (myelin basic protein) in the spinal cord, olfactory bulb, and subventricular zone.
M
ultiple sclerosis is an inflammatory-autoimmune disease with multiple foci of demyelination in the central nervous system (CNS) in the chronic stage of the disease (1) . Although there is evidence of remyelination in different experimental conditions in the adult CNS (2), remyelination attempts observed in early plaques in multiple sclerosis are not followed by repair of the lesion (3) . The reason for this is still unknown. A significant number of oligodendrocyte precursor cells were found in early lesions in multiple sclerosis tissue (4, 5) , although they were in a relatively quiescent state in chronic lesions (6) .
One crucial question to be answered in the evaluation of repair potentiality in this demyelinating disease regards the capability of a substantial number of oligodendrocyte precursors to differentiate and remyelinate within the brain and spinal cord. Oligodendrocyte precursors are disseminated within the white and gray matter of the adult CNS, but they also can be generated from stem cells present in different areas of the CNS (2, 7). Consequently, a potentially unlimited number of myelinating cells could be recruited in the adult CNS. Multipotential precursors have been demonstrated in the subventricular zone (SVZ) of the lateral ventricle, the dentate gyrus of the hippocampus (8) (9) (10) , and the spinal cord (11, 12) , where ependymal cells are able to differentiate in vitro into adult cells (13) .
Therefore, the possibility of recruiting populations of precursor cells to replace degenerating neurons or glial cells through an in vitro or in vivo approach has become very attractive. Our previous results demonstrated that the proliferative rate and expression of nestin, a marker for neuroepithelial cells, is up-regulated in the SVZ (14) during experimental allergic encephalomyelitis (EAE). Moreover, exogenous administration of thyroid hormone in adult rats modifies proliferation and expression of stem cell markers in the SVZ (15) . We therefore explored the possibility of stimulating endogenous repair potential during EAE by activating progenitors in the SVZ and spinal cord through exogenous administration of molecules known to be key signals for oligodendrocyte development. We focused on brief exposure to thyroid hormone (thyroxine, T4) during acute phase of EAE. T4 is known to induce more oligodendrocytes to form from multipotent neural stem cells (16) and to influence several stages of oligodendrocyte development (17, 18) . We analyzed proliferation (Ki67-immunoreactivity and BrdUrd uptake) and expression of markers for neuroectodermal cells (nestin), oligodendroglial-committed precursor [nestin and polysialylated-neural cell adhesion molecule (PSA-NCAM)], oligodendrocyte progenitors at different stages of differentiation (A2B5 and platelet-derived growth factor receptor ␣ (PDGFR␣) as progenitor and preoligodendrocyte; O4 as preoligodendrocyte and immature oligodendrocyte; and O4 and myelin basic protein (MBP) as nonmyelinating and myelinating mature oligodendrocyte (see ref. 7) in spinal cord, SVZ, and olfactory bulb. We found that this treatment reduces the number of proliferating cells in SVZ and spinal cord and favors precursor olgodendrocyte differentiation in EAE rats. The expression of markers for undifferentiated precursors (nestin) actually decreases in EAE animals treated with T4. T4 treatment induces the onset of O4-positive cells and up-regulation of A2B5-immunoreactivity. Also mRNA for PDGFR␣ is upregulated by T4 treatment in EAE animals. PDGF is a powerful inductor of oligodendrocyte lineage from stem cells. More importantly, MBP, which decreases in EAE animals, is significantly up-regulated in T4-treated EAE animals.
Materials and Methods
Animals and Treatment. Female, pathogen-free Lewis rats (Charles River Breeding Laboratories) were used. A group of rats was sensitized with a medium containing 0.15 g͞ml guinea pig spinal cord tissue in complete Freund's adjuvant (CFA, Sigma) (50% vol͞vol) to which 5 mg͞ml of heat-inactivated Mycobacterium (Difco H37Ra) was added. Uninjected and CFAinjected rats were used as controls. When animals displayed severe signs of force deficit (12-14 days after immunization), some of the animals were treated with T4. Each animal received 0.2 mg T4 s.c. on days 1, 3, and 5 and was killed on day 6. All animal protocols described here were carried out according to the European Community Council Directives of November 24, 1986 (86͞609͞EEC) Immunohistochemistry. For immunocytochemistry studies, 3-5 animals͞group were analyzed. Brains and spinal cord were fixed (4% paraformaldehyde) and indirect immunofluorescence and avidinebiotine (ABC) procedures were used to visualize the following antigens: nestin (monoclonal, PharMingen), PSA-NCAM (PharMingen), glial fibrillary acidic protein (monoclonal, Chemicon; polyclonal, Eurodiagnostica, Bologna, Italy), OX42 (monoclonal, Serotec), O4 (monoclonal MAB345, Chemicon), A2B5 (monoclonal MAB312R, Chemicon), and Ki67 (rabbit polyclonal, NovoCastra, Newcastle, U.K.). Staining specificity was assessed by in vitro overnight preincubation of the antiserum with the respective antigen (100 mg͞ml). This treatment prevented staining. Sections were collected from the lumbar tract of the spinal cord, the olfactory bulb (6.7 mm from the bregma, according to the Paxinos and Watson stereotaxic atlas of the brain, ref. 19 ), and SVZ samples at level 1.7 from the bregma. For the ABC technique, vibratome free-floating sections were used and diaminobenzidine (0.5 mg͞ml in 0.1 M Tris⅐HCl, pH 7.5 ϩ 0.03% H 2 O 2 ) was added to detect the immunocomplex. For double-labeling experiments, 4-chloro-1-naphthol was used to detect the second antigen. Alternatively, cryostat sections were processed for indirect immunofluorescence. For double experiments with BrdUrd, the immunocytochemical procedure was applied after BrdUrd visualization. Confocal laser scan microscopy [Olympus FV500, Ar͞HeNe (G) lasers and appropriate filters for green and red fluorescence] was used to sample nestinimmunoreactivity in the SVZ. Briefly, optical sectioning was performed every 0.375 m, and a final image merging 10 sections was generated. These images then were analyzed by using the IMAGE PROPLUS software for color images to assess the area covered by nestin-immunoreactivity. For this purpose, an automatic thresholding procedure in the range of the red signal was established and a standard area (see Fig. 4B ) was analyzed to determine % area covered by the immunoreactive signal. In each animal, three sections were bilaterally analyzed, and the mean value then was used for statistical analysis.
NADPH-Diaphorase Histochemistry. NADPH-diaphorase activity was rendered visible by incubating cryostat sections in 0.1 M phosphate buffer, pH 8.0, containing 1 mM NADPH (Sigma), 2 mM nitro blue tetrazolium (Sigma), and 0.3% Triton X-100 at 37°C.
Western Blotting Procedure. For Western blot experiments, five animals͞group were used. To study SVZ, a block of forebrain tissue was obtained by using the brain matrix device (World Precision Instruments, Sarasota, FL) between levels ϩ2.2 and ϩ1.2 from bregma, according to the Paxinos and Watson stereotaxic atlas (19) . Tissue around the lateral ventricle was then bilaterally dissected out by a microknife under stereomicroscopy. Tissue homogenates from the lumbar tract of the spinal cord and SVZ were prepared by using a 10 mM Hepes͞1 mM DTT, pH 7.5 lysing buffer, containing a protease inhibitor mixture (Sigma). Equal amounts of protein were separated in 15% SDS-polyacrylamide gels and electroblotted to nitrocellulose membranes. To block nonspecific protein binding sites, filters were incubated with blocking solution (Pierce) for 2 h at room temperature, and primary antibodies were then incubated overnight at 4°C. After washing for 1 h with TTBS (TBS͞0.05% Tween-20), filters were incubated with secondary antibodies for 30 min at room temperature and washed again for another hour. The antibodies used were: rabbit polyclonal anti-MBP 1:2,000 (ref. 20 , Dako), rabbit polyclonal anti-Ki67 1:5,000 (NovoCastra), and antirabbit antibodies conjugated to horseradish peroxidase (Santa Cruz Biotechnology). Finally, proteins were detected by using an ECL chemioluminescent kit (Pierce) and exposed to radiographic film. Densitometric analysis was performed by using the AIS Imaging System (Ontario, Canada), and results are shown as mean Ϯ SEM of five different blots per group.
Reverse Transcription-PCR. For reverse transcription-PCR experiments, five animals͞group were analyzed. mRNA was prepared by using an mRNA isolation kit (Roche Molecular Biochemicals). mRNA (0.25 g) was reverse-transcripted (200 units of Moloney murine leukemia virus reverse transcriptase, GIBCO͞ BRL) in the presence of 50 M p(dN)6 random primer (Roche Molecular Biochemicals) for 50 min at 37°C. The first-stand cDNA obtained was used to perform the PCR assays to determine the levels of mRNA encoding the PDGFR␣. PCR analysis of glyceraldehyde-3-phosphate dehydrogenase (GAPDH) mRNA was used as a control for cDNA quantities used as templates for PCR assays. Oligonucleotides used as specific primers were: PDGFR␣ sense, 5Ј-AGATAGCTTCATGAGC-CGAC-3Ј; PDGFR␣ antisense, 5Ј-GGAACAGGGTCAAT-GTCTGG-3Ј (21); GAPDH sense, 5Ј-TCCATGACAACT-TTGGCATCGTGG-3Ј; and GAPDH antisense, 5Ј-GTTGCT-GTTGAAGTCACAGGAGAC-3Ј (22) . Amplifications were performed by using 0.05 units͞l of TaqDNA polymerase (Sigma), and the cycling parameters of amplification were as follows: 95°C 1 min, 60°C 1 min 30 s, 72°C 1 min 30 s, 30 cycles for PDGFR␣, obtaining a 1,016-bp fragment; and 95°C 1 min, 60°C 30 s, 72°C 30 s, 25 cycles for GAPDH, obtaining a 376-bp fragment. PCR products were electrophoresed on agarose gels, stained with ethidium bromide, and visualized under UV light.
Nerve Growth Factor (NGF) Assays. For NGF measurement, five rats͞group were killed by decapitation under ketamine anesthesia. NGF levels were measured by using a two-site immunoenzymatic assay, according to Weskamp and Otten (23) , and modified (24, 25) . Specificity for NGF assay was also assessed by using recombinant human brain-derived neurotrophic factor (Genentech, San Francisco). Data were represented as pg͞g wet weight and all assays were performed in duplicate.
Statistical Analysis. Descriptive analysis data were expressed as mean Ϯ SE. Statistical analysis was carried out by using one-way ANOVA and Dunnett's test to compare the different experimental groups. Student's t test (GraphPad PRISM software, San Diego) was also used when appropriate. Probability level was set at 5% (two-tailed).
Results

Markers for Cell Proliferation and Stem Cells in Spinal Cord During
EAE. Proliferating nuclei were visualized by using both BrdUrd uptake and an antibody against the cell cycle-associated antigen Ki67. A very high number of dividing cells was found in EAE animals, not only in SVZ, but also in the white and gray matter in brain and spinal cord and between ependymal cells in the central canal ( Fig. 1 A and D-F) . Ki67-and BrdUrd-positive cells were associated with inflammatory foci (Fig. 1D) , but also isolated far from blood vessels and inflammation cellular aggregates (Fig. 1E) . Double-labeling experiments revealed that only a few of them expressed OX42 (not shown), a marker for macrophage͞microglial lineage, which is strongly expressed in the acute stage of EAE, or glial fibrillary acidic protein positivity, associated with astrocytes. Moreover, cycling cells were also found between ependymal cells in the central canal ( Fig. 1 A and  F) . In the spinal cord, nestin-immunoreactivity was found in the ependymal layer of the central canal ( Fig. 1 B and C) , in reactive astrocytes, as identified by double-labeling immunostaining for glial fibrillary acidic protein, and in small, finely branched intraparenchymal cells (Fig. 1 I and L) . PSA-NCAM-immunoreactive cells were also found in the spinal cord. These cells were grouped in small aggregates, and double-labeling experiments using antibody against the proliferation-associated marker Ki67 revealed that they were newly generated cells (Fig. 1 G and H) . Ki67-positive nuclei were also associated with NADPH diaphorase-reactive processes tangentially directed between the central canal and the external surface of the spinal cord (Fig. 1 M-O) as well as with nestin-positive elements (not shown).
Thyroid Hormone Administration, Cell Proliferation, and Oligodendrocyte Lineage in Spinal Cord and SVZ During EAE. The proliferation rate in lumbar spinal cord was measured by counting the number of BrdUrd-positive cells in five sections in five animals in each experimental group. In EAE animals, up to 500 positive cells͞ section were counted ( Fig. 2A) , whereas only single cells were found in control groups. T4 treatment induced a significant decrease in the number of BrdUrd-positive cells in the spinal cord of EAE-affected animals. Moreover, only in EAE T4-treated rats were we able to detect O4-positive cells in the spinal cord; they were small, with 2-3 short branches (Fig. 2B) . We also observed a strong up-regulation of A2B5-IR in the olfactory bulb in the same experimental conditions (Fig. 2B) . We then investigated PDGFR␣ expression mRNA, which is slightly but clearly up-regulated in the spinal cord and olfactory bulb of T4-treated EAE animals compared with EAE rats (Fig. 2C) . Finally, Western blot analysis of MBP reveals that both 21.5-and 18.5-kDA isoforms recognized by the antibody are severely down-regulated in EAE compared with control animals. T4 treatment, as applied in this experiment, is able to induce a significant increase in MBP in EAE, but not in control animals (Fig. 2D) .
We also measured NGF content in the spinal cord. As already reported (26) , NGF content dramatically decreases in the spinal cord during the acute phase of EAE. T4 treatment counteracts any fall in NGF tissue level, increasing NGF levels above that of control animals (Fig. 3) . The level of NGF also increases in the control animals, but this difference does not reach statistical significance.
To speculate on the possible origin of proliferating elements in the spinal cord during EAE (resident vs. recruited precursors), we also analyzed the SVZ in all experimental groups. Proliferation in the SVZ was measured by Western blotting Ki67 protein. The level of Ki67-immunoreactive protein increased during EAE and T4 treatment significantly reduced expression of this cell cycleassociated protein in EAE-affected rats (Fig. 4A) . Nestin expression, which is associated with Ki67-immunoreactive elements in the SVZ as illustrated by the confocal images, increased in EAE animals and was down-regulated by T4 treatment (Fig. 4B) . The slight increase observed in control animals treated with T4 is not significant.
Discussion
Thyroid hormone is essential for normal oligodendrocyte maturation and myelination (16, 27) . Cellular action of thyroid hormone is mediated to thyroid hormone receptors that are part of the family of nuclear receptors, which are transcription factors capable of repressing or inducing transcription of target genes (28) . There are two thyroid hormone receptor genes (␣ and ␤) each generating two isoforms (␣1, ␣2, ␤1, ␤2) by alternative spicing. Oligodendrocyte precursor cells express ␣ isoforms, whereas expression of ␤ isoforms is confined to differentiated oligodendrocytes (27) . Early in development, thyroid hormone functions as an instructive agent, triggering cell cycle exit (17, 18) . In postmitotic oligodendrocytes, it increases morphological and functional maturation by stimulating expression of various genes, such as the myelin-oligodendrocyte glycoprotein, MBP, and glutamine synthase (17) . Myelination is actually delayed in hypothyroid animals and accelerated in hyperthyroid animals (29, 30) . 
Thyroid Hormone Administration Decreases Proliferation and Expression of Markers Associated with Nondifferentiated Precursors During
EAE. One significant indication provided by our study is the presence of a very high number of dividing Ki67-and BrdUrd-positive nuclei in EAE animals compared with control animals, which are characterized by nestin and PSA-NCAM positivity. It is known that during the acute phase of multiple sclerosis and EAE (31) proliferating cells also belong to perivascular inflammatory cells and parenchymal glial cells having entered the cell proliferation cycle (32), even if most of them give rise to oligodendroglia (33) . In our experiments, very few dividing cells in EAE animals displayed microphage͞microglial characteristics as identified by OX42-immunoreactivity, whereas nestin, a marker for neuroectodermal cells (34) , was strongly up-regulated in EAE. This finding suggests that there is a recruitment of newly generated precursors in the active phase of EAE. The recruitment of progenitor cells from the SVZ into the areas of demyelination has been demonstrated in chemically induced demyelination (35) . These precursors seem to find a migration pathway. Indeed, Ki67-positive nuclei are closely associated with NADPH diaphorase-reactive processes, which possibly correspond to radial astrocytes (36) . Processes from these cells span the white matter from the pial surface to the gray-white matter interface and could represent a migratory path, as suggested by Horner et al. (12) .
Thyroid hormone reduces proliferation in EAE animals, in both spinal cord and SVZ, and also down-regulates expression for markers of nondifferentiated precursors. This effect, which is obtained by exogenous administration of three boluses of thyroid hormone, seems to mirror thyroid hormone action during development, when it acts by inducing exit from the cell cycle and entry to the differentiation process (17, 18) . We observed that three boluses of T4 decreased the expression of nestin, when up-regulated in EAE, and this corresponds to cell differentiation (10, 37) . The nestin gene promoter contains putative binding sites for nuclear receptors, which thyroid hormone binds in neural progenitor cells of the embryonic CNS (38) . Using different olygodendrocyte lineage cells, it was shown that high levels of nestin protein are expressed in proliferating progenitors, but the protein is downregulated in differentiated oligodendrocytes (39) . Moreover, expression of PSA-NCAM on these precursors seems to coincide with restriction to a glial fate (40) . Thus, thyroid hormone administered in vivo in EAE animals decreases proliferation and favors differentiation toward the oligodendroglial lineage. This is found only in EAE and not in control animals. In particular, three T4 administrations induced a slight, but insignificant, increase in control animals, whereas prolonged hyperthyroidism up-regulated nestin expression (15) . We already have suggested that in EAE animals the breakdown of the blood-brain barrier exposes precursors to unique environmental conditions, perhaps bringing into the CNS molecules able to alter the balance between quiescent and active progenitors in favor of the active one (14) . On the other hand, it has been suggested that inflammation itself promotes survival and migration of transplanted oligodendrocyte progenitors in the adult CNS (41) .
Thyroid Hormone Administration Favors in Vivo Oligodendrocyte
Lineage and Maturation During EAE. Generation of oligodendrocyte precursors (31, 42) and the presence of occasional myelin-forming oligodendrocyte in EAE have been described (43) . Here we report that thyroid hormone administration significantly improves this process, as indicated by increased expression of markers for different stages of oligodendrocyte differentiation and maturation, i.e., O4, A2B5, and PDGFR␣, and this corresponds to in vitro studies (44, 45) . Oligodendrocyte progenitors arising postnatally from the SVZ can migrate long distances away from this zone (46) , even if the nature of attractive molecules is still unclear. However, the expression of PSA-NCAM seems to allows cells to respond to extracellular cues in appropriate time and space (47) . It is also known that the capability to differentiate into myelin-forming oligodendrocytes is intrinsic to the lineage oligodendrocyte progenitors (48) and a myelin-gene induction is observed in vivo by neuronal contact (49) .
Moreover, we indicated that a regulation of myelin-forming proteins is possible in EAE through T4 administration. MBP is a target gene for thyroid hormone receptor (50), but our data support the idea that MBP up-regulation is caused by newly formed oligodendrocytes and not only by a direct regulation of MBP gene expression. In fact, this effect is not observed in control animals. Moreover, re-expression of the 21.5-kDa isoform, which appears early in embryogenesis, is associated with myelogenesis (51) . On the other hand, magnetic resonance spectroscopy study has shown that thyroxine therapy can reverse abnormal myelination in congenital hypothyroidism (52) .
Thyroid Hormone Restores NGF Levels in the Spinal Cord of EAE-
Affected Animals. We previously reported that NGF content in the spinal cord drops in the acute phase of EAE (26) . Here we indicate that T4 administration restores NGF to control animal content. It is known that under physiological conditions thyroid hormone regulates endogenous synthesis of NGF (53) (54) (55) , and a single injection of T4 is able to raise NGF content in the brain (56) . NGF administration ameliorates the clinical course of EAE in marmoset (57) , and the protection of oligodendrocyte from cell death-inducing agents could be part of this effect. In fact, NGF protects oligodendrocyte from injury induced by tumor necrosis factor (58), a proinflammatory cytokine strongly implicated in the pathogenesis of EAE (59) . There is evidence that oligodendrocytes are receptive to the action of NGF, that NGF protects oligodendrocytes from cell death and NGF prevents and/or reduces the neuro pathological events in EAE marmoset brain. Therefore, NGF may be implicated in oligodendrocyte protection. A possible function of the enhanced NGF after T4 administration is the regulation of endogenous brain NGF synthesis, instead of use traumatic exogenous administration.
Conclusions. Very little is known about spontaneous remyelination and molecules able to affect it. Moreover, we are still far from having demonstrated that thyroid hormone promotes remyelination in demyelinating diseases, but in this study we further suggest that under certain conditions it is possible to influence endogenous precursors by exogenous administration of appropriate signaling molecules.
